Little is known about the molecular mechanisms of learned and innate fear. We have identified stathmin, an inhibitor of microtubule formation, as highly expressed in the lateral nucleus (LA) of the amygdala as well as in the thalamic and cortical structures that send information to the LA about the conditioned (learned fear) and unconditioned stimuli (innate fear). Whole-cell recordings from amygdala slices that are isolated from stathmin knockout mice show deficits in spike-timing-dependent long-term potentiation (LTP). The knockout mice also exhibit decreased memory in amygdala-dependent fear conditioning and fail to recognize danger in innately aversive environments. By contrast, these mice do not show deficits in the water maze, a spatial task dependent on the hippocampus, where stathmin is not normally expressed. We therefore conclude that stathmin is required for the induction of LTP in afferent inputs to the amygdala and is essential in regulating both innate and learned fear.
Introduction
There is increasing evidence that many aspects of memory in the mammalian brain involve cellular and molecular events that are directed by gene expression that is neural circuitry specific (Rodrigues et first to focus on simple neural circuitry of the sort involved in forms of implicit memory storage.
Within the mammalian brain, one of the best understood memory-related neural circuitries is that which controls fear conditioning. Fear reactions represent not a single process but a spectrum of behaviors that vary from those that are inborn to those that are acquired. The expression of inborn (innate) fear needs no previous experience and is often species specific toward actual or potential threats (for example, fear of heights and predator or predator-like shadow avoidance). In contrast, acquired (learned) fear is the result of experiencing certain aversive or life-threatening events in the past (for example, school avoidance by child as a result of being the victim of a bully). Because it is so essential for survival, memory for fear is easily established, very resistant to extinction, and normally lasts for the duration of the animal's lifetime.
In the neural circuitry responsible for auditory fear conditioning, memory is formed as an association between a neutral conditioned stimulus (such as an auditory tone, CS) and an aversive unconditioned stimulus (electric footshock, US), which occurs in the lateral nucleus (LA) of the amygdala (Fendt and Fanselow, 1999 ; LeDoux, 2000; Maren and Quirk, 2004) . The auditory information about the CS is transmitted to the LA by way of two projections, the thalamo-amygdala and corticoamygdala pathways. The direct thalamo-amygdala pathway projects from the medial division of the medial geniculate nucleus (MGm) and the posterior intralaminar nucleus (PIN) of the auditory thalamus. The indirect cortico-amygdala pathway consists of the projections originating in the auditory thalamus that relay auditory information to the TE3 area of the auditory cortex and then to the LA.
In contrast to the neuroanatomic circuitry responsible for the CS, the routes by which US information is transmitted to the amygdala are not well understood (Davis, Shi and Davis, 1999) . The somatosensory information comes from the somatosensory thalamus and cortex and possibly some other fibers located medial to the posterior thalamus. The thalamic areas that carry information about the US include the paraventricular nucleus (PV); the reuniens nucleus; the ventral posteromedial (VPM) and the ventral posterolateral (VPL) nuclei; and the posterior intralaminar thalamic complex that contains the PIN, the medial geniculate nucleus (MGN) and the suprageniculate nucleus (SG). The cortical areas carrying US information include the S1 and S2 of the somatosensory complex, the parietal insular cortex (PaIC), and the perirhinal cortex (PRh). Thus, the anatomic circuitries carrying information about the CS and US may substantially overlap before they converge in the amygdala. Interestingly, learned-fear behavior can be genetically manipulated independent of innate fear (Shumyat-sky et al., 2002), which suggests that the neural circuitries for innate and learned fear might be present as separate functional entities within those afferent regions carrying the CS and US.
The relative simplicity of fear conditioning as a training paradigm and the well-defined neuroanatomic circuitry for the CS make learned fear amenable to the cellular physiological and molecular analyses. As a first step to unravel the molecular events underlying fear learning, we have recently identified several amygdalaenriched genes (Shumyatsky et al., 2002 (Belmont and Mitchison, 1996) .
We now have characterized the expression pattern of stathmin in the neural circuitry of fear in the adult mouse brain and analyzed the consequences of stathmin ablation for amygdala long-term potentiation (LTP) and fear behavior in stathmin knockout mice. We have found that LTP in the LA as well as learned and innate fear are controlled by stathmin expression in the LA and its sensory afferent projections.
Results

The Lateral Nucleus of the Amygdala and Its Afferents Are Enriched in Stathmin
We have previously described the differential screening of single-cell cDNA libraries derived from individual principal cells in the LA that allowed us to identify the expression of the genes encoding gastrin-releasing peptide (Grp) and stathmin as highly enriched in the amygdala (Shumyatsky et al., 2002) . In the adult mouse (3 months old), stathmin expression is limited to brain and testis (Schubart et al., 1992) . We found stathmin to be present in several nuclei of the amygdala, such as the LA, basolateral (BLA), and basomedial (BMA) nuclei; its expression was particularly strong in the LA ( Figures 1A and 1C) . In the LA, stathmin was strongly expressed in the dorsolateral and dorsomedial divisions and to a lesser extent in its dorsoventral division. Stathmin was also expressed in the regions known to process US and CS information before it reaches the LA. The CS areas included the PIN, the MGN, and the SG of the auditory thalamus ( Figure 1B ) and the TE3 area of the auditory cortex ( Figure 1A) . Stathmin was also localized in the perirhinal cortex (PRh, Figure 1A) , which is considered to be a multimodal associative complex that can transmit auditory and visual CS as well as somatosensory US information. Other US areas included the ventral posterolateral thalamic nucleus (LP), the paraventricular (PV) thalamic nucleus, and the reuniens (Re) thalamic nucleus ( Figure 1A) . Stathmin was also localized in the S1 and S2 areas of the somatosensory cortex, the parietal cortex, and the parietal insular cortex. Thus, stathmin is expressed in brain areas that were previously described as relaying US and CS projections to the amygdala ( Figure 1E ). Other areas of stathmin expression were the endopiriform cortex and the piriform cortex that are adjacent and reciprocally connected to the amygdala (Majak et al., 2002) . Consistent with the previous observations (Amat et al., 1991), stathmin was weakly expressed in the dentate gyrus and was absent from the rest of the hippocampus ( Figure 1A) .
We also compared the expression of stathmin in newborn, 2-week-old, and 2-month-old mice ( Figure  1D ). The stathmin gene was expressed in many areas of the newborn brain, but its expression declined in juvenile and even more so in adult brain, where stathmin remained expressed only in the amygdala and in its US and CS pathways.
To determine the identity of cells that express stathmin in the amygdala, we compared stathmin localization with that of the markers of different cell types. We first examined stathmin presence in neuronal cells by studying its colocalization with antibody against NeuN protein, a marker of mature neurons that is expressed both in principal cells and interneurons. In the amygdala, the majority of cells labeled by both anti-NeuN antibody and by anti-stathmin antibody colocalized (Figures 2Aa-2Ac) . In the striatum, we found only cells labeled by anti-NeuN antibody, confirming our in situ hybridization experiments (Figures 1A) that show stathmin absence from the striatum. We next found that stathmin was mainly present in principal cells positive for CaMKIIα (Figures 2Ba-2Bc) , a marker of excitatory principal cells (McDonald et al., 2002) . A few cells were labeled by only one type of the antibody and not by another (Figure 2Bc , white arrows), and we roughly estimated that more than 90% of cells, expressing stathmin or CaMKIIα, overlap. Colocalization experiments with antibody against anti-GFAP (glial fibrillary acidic protein), a marker of glial cells, showed that stathmin was not expressed in glia (Figures 2Ca-2Cc ). Stathmin therefore is expressed mostly in pyramidal neurons in the LA and the BLA, potentially affecting MT formation in the excitatory principal cells in these areas.
Increased Amount of Microtubules in the Amygdala of stathmin Knockout Mice
To begin to assess stathmin function in the amygdala, we examined the consequences of stathmin deletion on MT formation in stathmin knockout mice. Mice without stathmin develop normally and show no obvious anatomical abnormalities throughout their body, including brain (Schubart et al., 1996) . Western blotting using amygdala tissue showed that stathmin protein was absent in stathmin knockout animals ( Figure 3A) .
Using an MT in vivo binding assay (Marklund et al., 1996) , we analyzed the amount of tubulin in polymerized MTs (Figure 3Ab ). The amount of α-tubulin in the MT fraction was increased 50% in the mutant mice (KO) compared to their controls (wild-type) (20 repeats, 3 mice; significant difference between groups, t test, p < 0.02; Figure 3B ). We found equal amounts of glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Figure  3Ac ) in the samples of both wild-type and knockout mice (8 repeats, 3 mice; no significant difference between groups, t test, p = 0.5; Figure 3Ac ). The increased To analyze possible effects of increased MT stability on brain function in stathmin knockout mice, we first examined whether MTs and stathmin are present in synapse. We found that both MTs and stathmin are localized in the synaptosomal fraction (SN) that was isolated from wild-type mouse brain (Figures 3Ba and 3Bb) . Synaptic protein markers synaptophysin, PSD-95, and CaMKII were enriched in the SN, and the high-molecular-weight form of microtubule-associated protein (MAP2) was absent from the SN, thus demonstrating that the synaptosomal fraction was successfully isolated. The finding that MTs and stathmin are present in synapse is consistent with the previously published work and confirms that MTs are present to some extent in dendritic spines (Gavet et We found no differences between experimental We examined in a blinded fashion LTP of the compound excitatory postsynaptic potentials (EPSPs), recorded in current-clamp mode at the cortico-amygdala or thalamo-amygdala synapses in slices from control or stathmin knockout mice. LTP was induced by pairing of 80 presynaptic stimuli, delivered to the fibers in either the external capsule (cortical input) or the internal capsule (thalamic input) at a frequency of 2 Hz, with action potentials that were evoked in the postsynaptic cell with 4-6 ms delay from the onset of each EPSP by current injection through the recording electrode. LTP was recorded in the presence of the GABA A -receptor antagonist picrotoxin (50 M). We found that LTP in both pathways was significantly reduced in knockout as compared with control mice (Figures 6A-6D ). When measured 35-40 min after LTPinducing stimulation, the cortico-amygdala EPSP was potentiated to 148% ± 8.7% of its initial value in control mice (6 cells, obtained from 4 control mice) and to 114% ± 10.1% of its baseline value in stathmin knockout mice (7 cells, obtained from 5 knockout mice; significant difference, t test, p < 0.03). In thalamic input, the EPSP was potentiated to 154.4% ± 20% of its initial value in control mice (6 cells, obtained from 4 control mice) and remained at 93% ± 3% of its baseline value in stathmin knockout mice (7 cells, obtained from 4 knockout mice; significant difference, t test, p < 0.02). Thus, stathmin is necessary for the induction of timingbased, associative LTP of glutamatergic synapses in the LA.
We also addressed a question of whether downregulation of the rate of MT dynamics in stathmin knockout mice (see Figure 3) is related to the observed LTP deficit. We tested the effects of paclitaxel (10 M; slices were pretreated for at least 30 min), which binds to MTs and inhibits their depolymerization, on LTP in slices from wild-type mice. Under these conditions, LTP was significantly reduced when assessed 35-40 min after the induction procedure. Thus, the EPSP was potentiated to 147% ± 10% (8 cells) of its initial value in control slices. In contrast, the EPSP remained at 111.4% ± 12% (9 cells) of its baseline value when LTP-inducing stimulation was delivered in the presence of paclitaxel (see Figure S1A in the Supplemental Data available with this article online; significant difference, t test, p < 0.05). Paclitaxel in a concentration used had no detectable effect on either baseline AMPAR-mediated synaptic transmission or NMDAR-mediated synaptic responses ( Figures S1B and S1C) . To address this possibility, we calculated an AMPA/ NMDA ratio at the cortico-amygdala and thalamoamygdala synapses (Tsvetkov et al., 2004) in slices from control and stathmin knockout mice. As shown in Figures 6E-6H , the AMPA/NMDA ratio in cortico-amygdala pathway was very similar in slices from control (14 cells, obtained from 5 control mice) and stathmin knockout mice (9 cells, obtained from 4 stathmin knockout mice; no significant difference, t test, p = 0.81). The AMPA/ NMDA ratio at thalamo-amygdala synapses was also virtually identical in slices from control mice (7 cells, obtained from 3 control mice) and knockout mice (6 cells, obtained from 4 knockout mice; no significant difference, t test, p = 0.9; Figure 6H) . Thus, the NMDAR function appears to be normal in stathmin knockout mice, suggesting that the effect of mutation on LTP was not mediated by changes in the NMDAR EPSC. We then analyzed pain sensitivity to the shock in the mutants ( Figure 7C) . No difference was found between groups (wild-type, n = 12; knockout, n = 10) in movement and jump in response to gradually increased levels of electric shock, which suggests that the deficits in fear conditioning were related to memory and not to pain sensitivity. stathmin Knockout Mice Are Normal in Hippocampus-Dependent Spatial Memory To explore potential changes in other types of memory in stathmin knockout mice, we examined their performance in the water maze, a task that is dependent on the hippocampus but not on the amygdala. Here, mice learn to remember the position of a hidden escape platform in a circular pool and are tested for their ability to navigate using distal cues surrounding the pool. During acquisition, mice from both groups showed a decrease in escape latency and path length ( Figure 7G ) across days, which indicates learning of the platform position (all groups, p < 0.0001). They also showed a preference for the target quadrant during the probe trial performed the last day of the experiment. We found no difference between groups in this task (no genotype effect), suggesting that the deletion of stathmin does not interfere with hippocampus-dependent learning and memory processes, which is consistent with lack of stathmin expression in the hippocampus of wild-type mice.
NMDA-Receptor Function Is
Innate Fear Is Deficient in stathmin Mutant Mice
Discussion
Stathmin Is Positioned to Control Innate and Learned Fear
This study provides genetic evidence that amygdalaenriched stathmin is required for the expression of innate fear and the formation of memory for learned fear. We first found that stathmin is highly enriched in the LA, the main input of fearful information about the US and CS to the amygdala and the site of their convergence during fear learning. In addition, we found that the profile of expression of stathmin reflects the anatomy of the neural circuitry relaying fear-related information about the US and CS to the amygdala. The comparative analysis of the US and CS neural circuits leads to the conclusion that some of the US pathways are either overlapping or located proximally to those of the CS (Lanuza et al., 2004) . Stathmin is expressed in most of the areas involved in processing of the tone CS, including the PIN and the MGN of the auditory thalamus, the TE3 area of the auditory cortex, and the perirhinal cortex. All these areas overlap with the US afferents of the amygdala. Stathmin is also expressed in the other areas processing the US, such as the somatosensory cortex, insular cortex, and posterior thalamus.
Because stathmin is a negative regulator of MT formation, we analyzed stathmin mutant mice for their ability to form MTs. Amygdala tissue in mice lacking stathmin has an increased amount of MTs, which may indicate more stable MTs and a decrease in the rate of MT dynamics ( kawa and Takemura, 2005). Indeed, we found that, even though both basic synaptic transmission and NMDAR function were normal, there was deficient LTP in both cortico-amygdala and thalamo-amygdala pathways in stathmin knockout mice. Also, in wild-type mice, in slices treated with taxol (which stabilizes MT), LTP was significantly decreased compared to the untreated slices.
Consistent with the LTP deficits, stathmin knockout mice were deficient in cued and contextual fear conditioning when tested 24 hr after training. The decrease in learned fear was not due to a general decrease in pain sensitivity or locomotor activity. In addition, experiments using the elevated plus maze and open field demonstrated that stathmin knockout mice displayed less anxiety than the controls. Thus, stathmin knockout mice display less fear in response to both learned and innate stimuli.
Our present 
Amygdala-Enriched Genes and the Circuit Specificity for Innate and Learned Fear
Interestingly, the role of stathmin in innate and learned fear contrasts with the role of the GRP/GRPR signaling pathway, which controls learned fear but not innate fear (Shumyatsky et al., 2002) . Stathmin and GRP are both expressed in the LA and in the CS sensory afferents of the amygdala. Stathmin, however, is also expressed in the US neural circuitry where GRP is absent. The fact that both GRP and stathmin were originally isolated from the same single-cell cDNA library derived from a principal cell in the LA provides independent support for the fact that the neural circuitries for the US and CS converge in the LA. It is possible that a principal cell, from which the single-cell cDNA library was constructed (Shumyatsky et al., 2002) , is an example of the subpopulation of pyramidal neurons in the LA that serve as the primary sites of convergence of the US and CS information and thus are the initial sites of fear memory formation.
The current models of fear memory formation suggest that US and CS convergence in the LA leads to an increase in synaptic strength in the afferent inputs to the LA, thus providing the necessary cellular basis for memory encoding (LeDoux, 2000; Maren, 2001 ). This is accompanied by the recruitment of the numerous intracellular processes, some of which are dependent on the proper function of MTs, including local events in the synapse that require protein and RNA transport to the synapse. This transport utilizes actin filaments (located in synapses) and MTs (located in axons and dendrites and maybe in synapses in limited quantities) as tracks by which cargo-transporting motor proteins move. Taken together, our work provides evidence for the possible role of MT dynamics in the regulation of innate and learned fear. Acting without the GRP/GRPR pathway, stathmin controls innate fear. However, acting in concert with the GRP/GRPR pathway, stathmin may control fear conditioning by regulating the ability of synapses in the neural circuitry of fear conditioning to undergo LTP.
More generally, these findings have several implications. To begin with, the evidence that stathmin is important in the regulation of fear suggests that stathmin knockout mice can be used as a model of anxiety states of mental disorders with innate and learned fear components. As a corollary, these animal models could be used to develop new antianxiety agents. Moreover, our previous results with GRPR knockout mice showing a selective alteration in learned fear and the present data showing that stathmin affects both innate and learned fear support the clinical data that indicate that anxiety is a spectrum of disorders that has a number of subclasses, each of which is likely to have a unique molecular signature and require distinctive pharmacological approaches.
Experimental Procedures
In Situ Hybridization and Immunocytochemistry RNA in situ hybridization was performed as described (SchaerenWiemers and Gerfin-Moser, 1993). For Figure 1D , the NBT/BCIP substrate development was stopped earlier than in regular experiments to better demonstrate the difference between the images.
For colocalization experiments, the first of the two antibodies was visualized using horseradish-peroxidase-conjugated secondary antibody (Jackson ImmunoResearch) and fluorescein-labeled tyramide amplification reagent (1:100, Perkin Elmer). The second of the two antibodies was visualized by Cy3-conjugated secondary antibody (Jackson ImmunoResearch). Primary antibodies were mouse anti-NeuN (Chemicon), mouse anti-CaMKIIα (Chemicon), anti-GFAP (SMI22 clone), and rabbit anti-stathmin (Calbiochem).
Analysis of Microtubules and Synaptosomal Isolation Analysis of Microtubules
MTs were isolated using a modification of the published procedure (Marklund et al., 1996) . Amygdala tissue (8 mg) was collected in ice-cold PBS from 4-to 5-week-old control or mutant littermates. The tissue was homogenized in 400 l of MT stabilizing buffer MTSB (0.1 M PIPES [pH 6.9], 2 M glycerol, 5 mM MgCl 2 , 2 mM EGTA, 0.5% Triton X-100, 4 g/ml Taxol, 5 g/ml pefabloc SC [Fluka], 5 g/ml leupeptin). The protein concentration was adjusted with MTSB to 2 g/l. Four hundred microliters of the brain lysate was spun at 40,000 × g for 20 min at 4°C to precipitate MT. The pellet was resuspended in 50 l of water and 350 l of MTSB. Each sample was boiled for 3 min and diluted with 1× sample buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 100 mM DTT, 10% glycerol, 0.01% bromophenol blue) and subjected to SDS-PAGE. Antibodies were against α-tubulin (Sigma), GAPDH (Chemicon), or stathmin (Calbiochem). Primary antibodies were visualized using ECF Kit (Amersham). Statistical analysis was performed by Student's t test.
Synaptosomal Isolation
All procedures were performed at 4°C to minimize proteolysis and MT assembly (Johnson et al., 1997) . Cortico-amygdala tissue (120 mg) was collected from 18-week-old wild-type mice in modified Krebs-Henseleit buffer (mKRBS; 118.5 mM NaCl, 4.7 mM KCl, 1.18 mM MgSO 4 , 2.5 mM CaCl 2 , 1.18 mM KH 2 PO 4 , 24.9 mM NaHCO 3 , 10 mM dextrose, 10 g/ml adenosine deaminase, 5 g/ml pefabloc SC [Fluka], 5 g/ml leupeptin [pH 7.4]) and then homogenized in 1 ml of mKRBS containing 4 g/ml Taxol (mKRBS-Taxol). The homogenate was diluted with 5 ml of mKRBS-Taxol, passed through 10 layers of nylon and then nitrocellulose, and finally was spun at 1000 × g for 15 min. The pellet was resuspended in 250 l of MTSB. The protein concentration was adjusted to 5 g/l with MTSB. Antibodies were against PSD-95 (1:500), synaptophysin (1:500), CaMKII (Chemicon), MAP2 (Chemicon), and stathmin.
Two-Photon Microscopy
Two-photon laser scanning microscopy (TPLSM) was carried out using a Bio-Rad 1024-MP system with a Ti:sapphire laser (900 nm) (Spectra-Physics). Images were acquired using a 63× 0.9 NA waterimmersion objective (Olympus) with Lasersharp software provided by Bio-Rad. Eight bit images of 512 × 512 pixels from the LA and hippocampus were collected, and Z series of 10-30 images taken at 1 m steps were projected and aligned. Spines were identified and density of spines was determined by using software custom written in Interactive Data Language (IDL, Research Systems, Boulder, Colorado) as described previously (Lang et al., 2004) . In all LTP experiments, the stimulus intensity was adjusted to produce baseline synaptic responses with an amplitude that was w20%-25% of maximum amplitude EPSP. Summary LTP graphs were constructed by normalizing data in 60 s epochs to the mean value of the baseline EPSP. The spontaneous miniature EPSCs were recorded in the presence of 1 M tetrodotoxin and analyzed with the Mini Analysis Program (Synaptosoft Inc., Decatur, Georgia). All experiments on slices from control and knockout mice were performed blind to genotype.
Electrophysiology
Behavior
For all behavioral tasks, mutant and control littermates (males, 3 months old) were used. Statistical analyses used ANOVAs with genotype as the between-subject factor and session (fear-conditioning experiment), day, area (quadrant or platform in the Morris water maze), or zone (elevated plus maze) as within-subject factors. Mean ± SEM are presented. The experimenter was blind to the genotype in all studies. Mice were maintained and bred under standard conditions, consistent with the NIH guidelines and approved by the IACUC.
Fear Conditioning
On the training day, the mouse (wild-type, n = 25; knockout, n = 23) was placed in the conditioning chamber (Med Associates) for 2 min before the onset of the conditioned stimulus (CS), a tone that lasted for 30 s at 2800 Hz, 85 dB (Shumyatsky et al., 2002) . The last 2 s of the CS was paired with the unconditioned stimulus (US), 0.7 mA of continuous foot shock. After an additional 30 s in the chamber, the mouse was returned to its home cage. Conditioning was assessed for 3 consecutive min in the chamber, in which the mice were trained by scoring freezing behavior, which was defined as complete lack of movement. Freezing was measured by a videobased system (Freezeframe, Actimetrics Software). Mice were tested immediately after training and at 24 hr after training. At 24 hr, testing occurred first in the context in which mice were trained (contextual fear conditioning). Three hours after, mice were placed in a novel environment in which the tone (120 s) that had been presented during training was given after a 1 min habituation period (pre-CS).
Water Maze
The task was performed as previously described (Shumyatsky et al., 2002) , with two training phases: 2 days with a visible platform followed by 4 days (spatial phase) with a hidden platform in the training quadrant (wild-type, n = 15; knockout, n = 15). For each phase, four trials, 120 s maximum and 15 min ITI (intertrial interval), were given daily. Probe trials (60 s), during which the platform was removed, were performed to assess retention of the previously acquired information. The animals' trajectories were recorded with a videotracking system (HVS Image Analyzing VP-118). 
Elevated Plus Maze
